INTRODUCTION
Muscular dystrophies comprise a heterogeneous group of inherited degenerative muscle disorders characterized by progressive muscle wasting and weakness with variable distribution and severity. Since the discovery of dystrophin, a large number of genes either associated with, or linked to, various forms of muscular dystrophy (MD) have been identified. Limb-girdle muscular dystrophies (LGMDs) are a genetically heterogeneous group of primary myopathies showing progressive weakness and wasting of the muscles of the pelvic and shoulder girdle, and ranging from severe forms with onset in the first decade with rapid progression to milder forms with later onset and a slower course. Three different major disease mechanisms are emerging for LGMD: a structural defect in the muscle membrane, muscle membrane repair deficiency and defects in sarcomere remodeling, cytoskeleton structure and cytoskeleton-membrane interactions.
Limb-girdle muscular dystrophy type 2A (LGMD2A; OMIM# 253600) or calpainopathy is considered the most frequent form of recessive LGMD world wide (1 -3). The gene responsible for LGMD2A and coding for calpain 3 (CAPN3; OMIM# 114240) was localized by linkage analysis to the chromosomal region 15q15.1 -15.3 and subsequently identified by positional cloning (3). To date well over 350 distinct pathogenic mutations in the calpain 3 gene have been described according to the Leiden Muscular Dystrophy database (http://www.DMD.nl/CAPN3). Calpain 3 is a skeletal muscle-specific member of the calpain superfamily of nonlysosomal, Ca 2þ -dependent cysteine proteases (4) . Several cytoskeleton components were identified as partners and substrates for calpain 3 linking its function to the regulation of cytoskeleton structure and cytoskeleton -membrane interactions (5, 6) . Deregulation of sarcomere remodeling due to lack of proteolysis of substrates by calpain 3 was therefore postulated as a mechanism of LGMD2A pathogenesis (7) , which emphasizes the importance to identify calpain 3 substrates.
One of the LGMDs in which a secondary reduction of calpain 3 can be observed is LGMD2B (OMIM# 253601). † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
Mutations in dysferlin (DYSF; OMIM# 603009) do not only cause LGMD2B, but also Miyoshi myopathy and distal anterior compartment myopathy (8 -10) . Dysferlin is suggested to play a key role in muscle membrane repair, defining a new pathogenic mechanism in MD (11) . However, the precise biochemical function of dysferlin remains unknown. Myoferlin, a homologue of dysferlin, is also expressed at the plasma membrane, and in addition found at the nuclear envelope (12) . By co-immunoprecipitation experiments, we previously demonstrated that calpain 3 is in complex with dysferlin (13) . In addition, we showed that the C-terminal domain of AHNAK nucleoprotein (AHNAK; OMIM# 103390), a novel partner of the dysferlin protein complex, can interact with the C2A domain of dysferlin and myoferlin and that AHNAK redistributes to the cytoplasm with dysferlin during muscle regeneration (14) . As both dysferlin and AHNAK are implicated in membrane repair and maintenance, this may suggest a previously unrecognized role of calpain 3 in muscle membrane homeostasis.
AHNAK (also called desmoyokin, MW 700 kDa), located on human chromosome 11q12 -13 (15) , contains three main structural regions: the N-terminal 498 amino acids, a large central region of 4300 amino acids with multiple repeated units, most of which are 128 amino acids in length and the C-terminal 1002 amino acids (16) . A second AHNAK nucleoprotein-like protein, AHNAK nucleoprotein 2 (AHNAK2; OMIM# 608570; MW 600 kDa), located on chromosome 14q32, was recently identified by a search for homologous sequences in the human genome (17) . AHNAKdeficient mice show no obvious phenotype, and it is speculated that AHNAK2 can compensate for the loss of AHNAK (17) . The exact biological function of AHNAK is largely unknown. In vitro, the C-terminal region of AHNAK (amino acids 5262 -5643) binds to G-actin and cosediments with F-actin suggesting a role for AHNAK in the maintenance of the structural and functional organization of the subsarcolemmal cytoarchitecture in cardiomyocytes (18) .
Haase et al. (19) analyzed AHNAK expression in rat cardiac and skeletal muscle preparations using the KIS antibody against the central domain of AHNAK and the Tail antibody against a serine-rich epitope located near the C-terminus of AHNAK. On western blots using the KIS antibody they observed a high molecular mass protein of the expected size of 700 kDa and a faint 500 kDa protein. In addition, a lower molecular mass immuno-reactive fragment was also detected by the Tail-antibody. These results suggested that AHNAK is either unstable or cleaved by proteases. To date however, the identity of the enzymes involved in post-translational processing of AHNAK is unknown. Moreover, the biological relevance of this potential cleavage is not understood.
In this study we demonstrate that AHNAK can interact with the protease calpain 3 and that AHNAK serves as a direct substrate of calpain 3 in cell culture. The interaction of both proteins and the cleavage of AHNAK by calpain 3 are also supported by their colocalization in skeletal muscle. Calpain 3 cleavage causes a loss of AHNAK in cell culture, and AHNAK is increased at the sarcolemma in patients with a calpainopathy. Interestingly, calpain 3-mediated proteolysis of AHNAK prevents the interaction of AHNAK with dysferlin and myoferlin, respectively, providing new mechanistic insight for the physiological function of calpain 3 in the dysferlin protein complex in skeletal muscle.
RESULTS

AHNAK interacts with calpain 3
To demonstrate that calpain 3 can directly interact with AHNAK and to determine which domains of AHNAK are responsible for the specific binding, we used AHNAK expressing clones DY-N (amino acids 249-498), DY-M (amino acids 1070-1579) and DY-C (amino acids 4895-5890) ( Fig. 1) to generate a series of recombinant GST-AHNAK fusion proteins ( Fig. 2A) . These clones are commonly regarded as representative for the different structural domains of AHNAK. To allow for good recombinant protein production, we separated DY-C in two: C1 (amino acid 4895-5393) and C2 (amino acid 5394-5890) (Fig. 1) . The bacterially produced GST fusion proteins (Fig. 2B ) were applied in a GST pull-down assay, using N-terminally T7-tagged calpain 3 as prey ( Fig. 2A) . Because of the rapid autolysis of calpain 3 (5), the proteolytically inactive form calpain 3 C129S was used. Western blot analysis of the pull-down fractions of total protein extracts using an anti-T7 antibody showed strong interaction between C 1 -, C 2 -AHNAK and full-length calpain 3 C129S and its degradation fragments (Fig. 2C ). M-AHNAK was also able to weakly bind to 65 and 40 kDa fragments of calpain 3 C129S, respectively (Fig. 2C) . No binding was observed for equivalent amounts of the GST fusion proteins N-AHNAK or for the control GST protein. 
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Cleavage of AHNAK by calpain 3 downregulates AHNAK in cell culture
To investigate whether the interaction between calpain 3 and AHNAK is functional, we cloned active calpain 3 and inactive calpain 3 C129S into pEGFP-N2 expression vector. These constructs were transiently transfected into COS-1 ( Fig. 3A and B) and 3T3 ( Fig. 3A' and B') cells, which express high levels of endogenous AHNAK and no calpain 3. We immunocytochemically examined wt calpain 3 and calpain 3 C129S expressing cells using the KIS antibody to detect AHNAK. We observed an absence of endogenous AHNAK in wt calpain 3 overexpressing COS-1 and 3T3 cells ( Fig. 3A and A'), compared with non-transfected cells. In contrast, normal AHNAK immunoreactivity was observed in calpain 3 C129S expressing cells ( Fig. 3B and B' ). Taken together, these results suggest that expression of calpain 3 results in a loss of AHNAK, possibly due to its proteolytic activity.
Calpain 3 cleaves endogenous AHNAK
To confirm the immunofluorescence data, we lysed COS-1 cells transiently transfected with calpain 3 after 48 h and evaluated proteolysis of AHNAK by a possible change in molecular mass of AHNAK on western blots, with a cocktail of the affinity purified antisera CQL, which recognizes the C-terminus, and KIS, which recognizes the repeats in AHNAK (Fig. 4) . Bands at 700 and 300 kDa are detected in all lanes. However, only upon expression of active calpain 3 a 120 kDa immunoreactive fragment was observed. Further analysis with immediate lysis in sample buffer to prevent aspecific cleavage showed this signal to be recognized by the CQL antibody, and therefore to represent a C-terminal fragment of AHNAK (data not shown). No such cleavage fragment was detected in non-transfected control cells or cells transfected with inactive calpain 3 C129S.
Calpain 3 cleaves N-, C 1 , C 2 -ahnak, but not M-AHNAK
In Figure 2 , we showed that AHNAK interacts with calpain 3 in a GST pull-down assay. The most C-terminal domain of AHNAK showed a clear interaction but other domains also pulled down T7-tagged inactive calpain 3, indicating that calpain 3 can bind AHNAK at other sites as well. As the CQL antibody is a limited tool to study cleavage of full-length AHNAK, we constructed four fusion proteins representing the N-terminus (N), repeated domain (M) and C-terminus (C 1 , and C 2 ) of AHNAK, respectively, to identify specific domains that can be cleaved by calpain 3. Fusion proteins were cloned into a pSG8-VSV-HA eukaryotic expression vector fusing the AHNAK fragments N-terminally to a VSV tag and C-terminally to a HA tag. These fusion constructs were individually transfected and cotransfected into COS-1 cells with various forms of calpain 3 (active GFP-calpain 3, GFP-calpain 3 C129S) and GFP as control. After 48 h cells were harvested and cell lysates were analyzed on western blot to detect possible proteolytic cleavage products using antibodies recognizing the N-and C-terminal tag. As shown in Figure 5A , respective antibody detection revealed that N-AHNAK was cleaved from 35 kDa to 17 and 18 kDa protein fragments. VSV antibody detection demonstrated that C 1 -AHNAK was cleaved from 65 to 30 kDa ( Fig. 5C ) but HA antibody did not detect cleaved C-terminal fragments. VSV antibody detection also showed that C 2 -AHNAK was cleaved from 60 kDa to 36 and 22 kDa fragments and the HA antibody detected complementary fragments of 24 and 38 kDa ( Fig. 5D ), respectively. These cleavage products were observed only when normal calpain 3 was transfected, but neither in calpain 3 C129S nor GFP transfected cells. No cleavage was detected for M-AHNAK (Fig. 5B ). Thus, calpain 3 can cleave the N-terminus of AHNAK at two sites and the C-terminus at three, of which the N-terminal cleavage sites are at close distance.
AHNAK colocalizes with calpain 3 in skeletal muscle fibers
Many studies highlight the diverse localization of AHNAK in a variety of tissues (20, 21) . We were particularly interested in the localization of AHNAK in skeletal muscle fibers. Due to the direct interaction of calpain 3 and AHNAK and the cleavage of AHNAK by calpain 3, we expected calpain 3 to colocalize with AHNAK. Previous studies have already shown that calpain 3 colocalizes with its substrates at the myotendinous junctions (MTJ) and the A-I junction region of the titin molecule. To investigate whether AHNAK also localizes in these areas, we performed double immunostaining experiments using the KIS antibody and antibody T11, staining the I-band near the A-I junction region of the titin molecule, an antibody for vinculin staining the MTJ, and an anti 
AHNAK is upregulated in LGMD2A patients
To investigate the expression of AHNAK in patients with a primary calpainopathy, we performed combined immunofluorescence analysis of AHNAK and dystrophin on four patients and two controls including one non-LGMD2A disease control. All four patients have different mutations, leading to mutant calpain 3 (see Materials and Methods). Dystrophin was used as a membrane staining control. We observed increased reactivity for AHNAK at the sarcolemma and in blood vessels in all LGMD2A patients, compared with the non-related MD (FSHD) and normal control (Fig. 7A ). Subsequent western blot analysis on two LGMD2A patients and one control for which muscle protein lysates were available confirmed that the amount of AHNAK is increased in these patients (Fig. 7B) . To further substantiate the evidence for AHNAK upregulation in skeletal muscle of calpainopathy patients, we analyzed one additional genetically confirmed calpain 3-deficient patient, and three control muscles [one healthy, one oculopharyngeal MD (OPMD) patient, and one malignant hyperthermia (MH) patient]. The results from 
Cleavage of AHNAK prevents the binding of AHNAK to dysferlin or myoferlin
Previously, we demonstrated that the C 2 -domain of both AHNAK proteins can interact with the C2A-domain of dysferlin and myoferlin. In order to investigate whether this interaction is perturbed after AHNAK cleavage by calpain 3, we repeated the pull-down assay in the presence of active calpain 3. After cotransfection of active calpain 3 and C 2 -AHNAK to COS-1 cells, cells were harvested after 48 h and total lysates were used to study the interaction between (cleaved) C 2 -AHNAK and the C2A-domains of dysferlin and myoferlin. Antibodies recognizing the N-terminal VSV tag (Fig. 8A ) and C-terminal HA tag (Fig. 8B ) were used to analyze the pull-down fractions on western blots. As shown, only full-length C 2 -AHNAK was pulled down by GST-C2A-dysferlin and GST-C2A-myoferlin. Cleaved fragments (22 and 38 kDa) could not be pulled down by either GST-C2A-dysferlin or GST-C2A-myoferlin. No binding was observed for equivalent amount of the control GST protein.
DISCUSSION
Mutations in the muscle-specific, non-lysosomal cysteine protease calpain 3 cause LGMD2A. The function of calpain 3 and its role in LGMD2A pathogenesis are largely unknown but recent evidence points towards an important function in cytoskeleton remodeling and cytoskeleton -membrane interactions (7) . Our previous studies demonstrated that calpain 3 and AHNAK are in complex with dysferlin (14) . Moreover, calpain 3 showed the ability to cleave several cytoskeletal components and actin binding proteins (5) . As AHNAK also associates with actin (19) and is proposed to be cleaved by yet unidentified proteases (20), we hypothesized that AHNAK is a substrate for calpain 3. The first step to test our hypothesis was to investigate a potential interaction between calpain 3 and AHNAK by GST pull-down assays. Using different recombinant AHNAK domains we showed a clear interaction between the C-terminus of AHNAK and full-length calpain 3.
In previous studies using the C-terminal Tail-antibody (not CQL), western blots of total protein lysates from rat heart and skeletal muscle revealed the presence of protein bands of 700, 500, 340, 170 kDa in addition to low molecular mass immunoreactive fragments (19) . Moreover, a band of 120 kDa was also detected by the CQL antibody in lung and kidney tissues (20) . It was suggested that this band, corresponding to a C-terminal AHNAK proteolytic product, was cleaved by ubiquitous calpains, possibly m-calpain or m-calpain, but to date the identity of the proteases that cleave AHNAK is unknown. We analyzed COS-1 cells transiently transfected with active and inactive calpain 3 using the CQL antibody and revealed a 120 kDa fragment by western blot only in cells expressing active calpain 3. Thus, these results indicate that calpain 3 can cleave endogenous AHNAK in a cell culture system.
The CQL antiserum that identified the AHNAK cleavage fragment was raised against the COOH-terminus of AHNAK. It is therefore not a suitable tool to investigate cleavage if calpain 3 cleavage of AHNAK would occur at multiple sites. The possible interaction between calpain 3 and several T7-AHNAK fusion protein fragments in our GST pull-down assay seems to suggest that calpain 3 can bind AHNAK also at locations other than the C2-domain. To investigate this, four domains of AHNAK were fused to an N-terminal VSV This apparent discrepancy for N-AHNAK for which we found evidence of cleavage without observing a direct interaction may be explained by the different experimental design. Due to its autocatalytic activity calpain 3 is very unstable and only inactive calpain 3 can be heterologously expressed for interaction assays. Therefore, all GST pull-down assays were performed with inactive calpain 3 C129S. As the conversion from inactive to active calpain 3 involves a major conformational change including excision of insertion sequences (22) , it is possible that only active, but not inactive calpain 3 C129S binds the N-terminus of AHNAK. Alternatively, the interaction between the N-terminus of AHNAK and calpain 3 may be more transient compared with the C-terminus, similar to what has been shown for the Annexin 2 binding sequence (23) .
The influence of calpain 3 on the expression of endogenous AHNAK was also investigated in cell culture by immunostaining. This showed that AHNAK was absent in cells expressing active calpain 3 while normal or even increased signals were observed in cells expressing inactive calpain 3 C129S. In agreement with this observation, AHNAK immunoreactivity was increased along the sarcolemma of muscle fibers of calpainopathy patients in addition to an intense signal in blood vessels and extracellular matrix compared with normal control muscle and muscle of an unrelated MD patient. Dystrophin showed constant immunoreactivity at sarcolemma in all muscle biopsies. Moreover, semiquantitative western blot analysis confirmed the increase of AHNAK in skeletal muscle of patients with a calpainopathy. Taken together, these findings suggest that in skeletal muscle AHNAK protein turnover is regulated by calpain 3 activity and that this turnover is perturbed in patients with a calpainopathy. , respectively, were expressed in the presence of active or inactive calpain 3 C129S to assess whether AHNAK can act as a substrate for calpain 3. The AHNAK fusion proteins were N-terminally tagged with a VSV tag and C-terminally tagged with a HA tag to detect N-terminal and C-terminal AHNAK cleavage products. Actin detection was used for equal loading control (a). Antibodies recognizing the N-terminal VSV tag (b) and C-terminal HA tag (c) were used to detect proteolytic cleavage products on western blots. In all panels, lane 1-5 represent lysates of non-transfected COS-1 cells, co-transfection of AHNAK fusion construct with calpain 3, co-transfection of AHNAK fusion construct with calpain 3 C129S, co-transfection of AHNAK fusion construct with GFP and single transfection of AHNAK fusion construct, respectively. As shown in (A), HA antibody and VSV antibody detection revealed that N AHNAK was cleaved from 35 kDa to 17 and/or 18 kDa fragments and complementary fragments were observed with the HA antibody; VSV antibody detection revealed that C 1 -AHNAK was cleaved from 65 to 30 kDa (C) but HA antibody could not detect cleaved C-terminal fragments. VSV antibody detection also showed that C 2 -AHNAK was cleaved from 60 kDa to 36 and 22 kDa fragments and the HA antibody detected complementary fragments of 24 and 38 kDa (D), respectively. These cleavage products were observed only when calpain 3 was transfected, but not in calpain 3 C129S, GFP or AHNAK fusion construct transfected cells. No cleavage was detected for M-AHNAK (C). Boxes represent cleaved fragments detected by VSV antibody and circles represent cleaved fragments detected by HA antibody. Non-marked fragments represent unspecific degradation products of the AHNAK fusion fragments. Below each panel a schematic representation of each AHNAK fusion construct with its calpain 3 cleavage sites is presented.
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Although the exact biological function of AHNAK is unknown, based on its interaction with other proteins, AHNAK has been implicated in several essential biological functions. First, in resting neuronal PC12 -27 cells, AHNAK is localized within the lumen of specific vesicles called 'enlargeosomes', and is redistributed to the external surface of the plasma membrane in response to large increases in Ca 2þ (24) . These enlargeosomes have been proposed to participate in cell membrane enlargement, differentiation and repair. Second, in cardiomyocytes, AHNAK interacts specifically with the b 2 subunit of cardiac L-type calcium channels at the plasma membrane (18) where it modulates channel function (25) , and is suggested to play a role in the protein kinase A (PKA)-mediated signal transduction pathway (26) . Third, in vitro, the C-terminal AHNAK region (amino acids 5262 -5643) binds to G-actin and cosediments with F-actin (18) . Finally, a C-terminal 72 kDa AHNAK fragment was found in heart tissue to stabilize muscle contraction (19) . These observations suggest a role for AHNAK in the maintenance of the structural and functional organization of the subsarcolemmal cytoarchitecture. The finding that calpain 3 regulates AHNAK, combined with the observation that both proteins are found in the dysferlin protein complex raises the interesting possibility that they may function in muscle membrane repair. For m and m calpain it has been shown that they are essential for Ca 2þ induced cell membrane repair (27) . Moreover, stabilization of m calpain by fetuin A (OMIM# 38680) increases the membrane resealing potential of fibroblasts (28) . Fetuin A can also bind calpain 3 (28) . It is therefore an interesting possibility that calpain 3 may exert the same function in muscle by regulating AHNAK levels. Based on the proteolysis of AHNAK by calpain 3, we suggest that in healthy muscle calpain 3 works as a regulatory enzyme modulating AHNAK function. Such a regulatory role would be similar to the well-documented calpain 3-dependent accumulation of IkBa in the cytoplasm and nucleus (29) and the calpain 3-mediated interaction between FLNC and g-and d-sarcoglycan (6) .
The loss of calpain 3 activity as the cause of LGMD2A indicates that calpain 3-dependent proteolysis is required for the normal biological function and homeostasis of skeletal muscle (29) . Recently, increased ubiquitination, correlated with an increase of calpain 3 expression, was observed during muscle reloading in wild-type mice, which was absent in Capn3 2/2 mice (30). It was suggested that calpain 3 acts upstream of the ubiquitination -proteasome pathway to release myofibrillar proteins and provide them for proteasomal breakdown. In the present study, we provide evidence that calpain 3 activity promotes turnover of AHNAK in cell culture and in skeletal muscle. Thus, in the future, it is essential to establish whether AHNAK is ubiquitinated after calpain 3 cleavage in skeletal muscle.
To date, three major pathological mechanisms have been suggested for MD. Membrane disruption, caused by mutations in proteins of the dystrophin -glycoprotein complex, is a well established pathogenic mechanism in a large group of MD (31) . Besides this membrane fragility, defects in membrane repair caused by mutations in dysferlin have been identified as second pathological mechanism (11) . Recently, a new pathogenic mechanism, deregulation of sarcomere remodeling due to the mutations in calpain 3, was suggested as the cause of LGMD2A (7). Thus, the regulatory role of calpain 3 in the dysferlin protein complex may implicate an intimate relationship between muscle membrane repair and remodeling of sarcomere and subsarcolemmal cytoskeleton architecture, which thus far have been considered independent pathological mechanisms for LGMDs.
MATERIALS AND METHODS
Antibodies
The following antibodies were used in this study. The monoclonal anti-dystrophin antibody NCL-DYS2 (Novocastra, Newcastle, UK) was used in a dilution of 1:10 for immunofluorescence microscopy. The mouse monoclonal anti-calpain 3 antibody NCL-12A2 (Novocastra) was used in a dilution of 1:10 for western blot. Affinity-purified mouse anti-VSV (P5D4) (gift from Dr J. Fransen, Nijmegen, the Netherlands) was used in a dilution of 1:1000 for western blot analysis and in a dilution of 1:250 for immunofluorescent microscopy. The monoclonal anti-HA tag antibody (Upstate Cell signaling solution, VA, USA) was used in a dilution of 1:2000 for Figure 7 . (A) AHNAK is enhanced in skeletal muscle of calpainopathy patients. Single sections of four different calpainopathy patients, one control and one non-LGMD diseased control (FSHD) were blocked for 2 h in 4% skimmed milk (Marvel) in PBS and incubated with an antiDystrophin/KIS mixture. All calpainopathy sections show increased AHNAK when compared with control. Dystrophin signal remains unchanged. (B) Single sections were dissolved in 35 ml sample buffer, loaded on 7% gel and after blotting the membrane was stained with KIS/CQL antibody mix. The arrow points out the presence of endogenous AHNAK. Ponceau S staining was used as a loading control.
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western blot analysis. The rabbit anti-calpain 3 antibody RP1Calpain3 (Triple Point Biologics, OR, USA), mouse monoclonal anti-alpha actinin antibody (clone EA-53) (Sigma, MO, USA) and mouse anti-titin T11 antibody (Sigma) were used in dilutions of 1:200, 1:2500 and 1:100 for immunofluorescence microscopy, respectively. Secondary antibodies goat anti-mouse alexa488 (Molecular Probes, Eugene, OR, USA), goat anti-rabbit alexa594 (Molecular Probes) and rabbit anti-mouse HRP (DakoCytomation, Glostrup, Denmark) were diluted 1:250, 1:1000 and 1:1000, respectively. Goat anti-RabbitIRDye800 (Westburg) was used at 1:5000. KIS and CQL anti-AHNAK polyclonal antibodies were obtained from Dr Jacques Baudier (Grenoble, France) and have been described previously (20) . Mouse anti-T7 HRP (Novagen) was diluted 1:10 000 for western blot analysis.
Patient mutation analysis
The unrelated MD case was a patient with genetically confirmed FSHD as indicated by the presence of two D4Z4 repeat units on chromosome 4.
LGMD2A patient 1 carries a X02:c.327_328delCC deletion and a X11:c.1477C.T (p.Arg493Trp) substitution.
LGMD2A patient 2 carries a X05:c.759_761delGAA deletion and a X11:c.1468C.T (p.Arg490Trp) substitution.
LGMD2A patient 3 carries a X05:c.633G.C (p.Lys211Asn) and a X10:c.1319G.A (p.Arg440Gln) substitution.
LGMD2A patient 4 carries a X01:c.145C.T (p.Arg49Cys) and a X11:c.1468C.T (p.Arg490Trp) substitution. The MH, OPMD and calpainopathy patients used in the supplemental figure were genetically confirmed.
Fusion protein constructs and expression in prokaryotic vector
pcDNAI eukaryotic expression vectors containing N-AHNAK (N-AHNAK) (residues 249-498), M-AHNAK (residues 1068 -1577), C-AHNAK (residues 4893 -5890) were a kind gift from Dr Takashi Hashimoto (Keio University School of Medicine, Tokyo, Japan). DNA fragments encoding the protein fragments N-AHNAK, M-AHNAK and C-AHNAK, respectively, were obtained by BamHI/XhoI restriction from pcDNAI and ligated in the prokaryotic expression vector pET28a-GST (modified from pET28a (Novagen, Madison, WI) with an additional GST tag). Subsequently, pET28a-GST-C-AHNAK was split in two parts by BamHI/ SacI digestion (designated C 1 -AHNAK, from residue 4893 -5392) and by SacI/XhoI digestion (designated C 2 -AHNAK, from residue 5393-5890) and ligated in BamHI/SacI-digested or SacI/XhoI-digested pET28c-GST, respectively. Unfused GST protein was used as control.
To generate full length calpain 3 (amino acids 1 -821), digestion by SalI/NotI was performed from the plasmid containing calpain 3 in pBLUESCRIPT SKþ and ligated in the SalI/NotI-digested prokaryotic expression vector pET28c. Site-directed mutagenesis was performed by use of the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, USA). Calpain 3 C129S was obtained by replacing the cysteine at position 129 with serine. All sequences were confirmed by automated sequencing (LGTC, Leiden, the Netherlands).
The expression plasmid in pGEX 4T-1 vector (encoding the first 124 amino acids of human dysferlin) and the expression plasmid in pGEX 4T-1 vector (encoding the first 125 amino acids of human myoferlin) were a kind gift of Dr E.M. McNally (Department of Human Genetics, University of Chicago, USA).
The prokaryotic expression constructs were used for recombinant protein production in BL21 (DE3)-RIL E. coli (Stratagene) cells according to the manufacturer's instructions. Briefly, bacterial cells were grown to log phase and recombinant protein production was initiated by the addition of IPTG (Fermentas, St Leon-Rot, Germany) to a final concentration of 1 mM. After 2.5 h induction at 308C, the cells were collected by centrifugation at 3000g, lysed in lysis buffer 1 [50 mM Tris, pH 7.4, 1 mM EDTA, 1.5 mg/ml lysozyme, 0.15 M NaCl, 1% Triton X-100, plus 1Â protease inhibitor cocktail (Roche Molecular Biochemicals, Basel, Switzerland)] and sonicated on ice. For the pull-down assay, after centrifugation at 13 000g for 30 min at 48C, the supernatant containing soluble GST fusion proteins was recovered. Fusion proteins were immobilized to Gluthione -Sepharose 4B (Amersham, Uppsala, Sweden), incubated at room temperature for 30 min and then centrifuged at 500g for 5 min. The supernatant was removed and the Glutathione -Sepharose was washed three times with binding buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.2% Triton X-100). The GST/GST-fusion protein affinity beads were ready for pull-down assay. 
Fusion protein constructs and expression in eukaryotic vector
DNA fragments encoding the protein fragments N-AHNAK, M-AHNAK, C 1 -AHNAK and C 2 -AHNAK were amplified from cDNA clones (Keio University School of Medicine) with forward primer (5'-CGCGGATCCGCGCCTGGGATAA AG-3') and reverse primer (5'-CCGCTCGAGCGGAGGT TTCTGAATAATCA-3'), forward primer (5'-CGCGGATCC GCGTCTTTGCCAGATGTT-3') and reverse primer (5'-CCG CTCGAGCGGGTGCGTCTGTATATTCA-3'), forward primer (5'-CGCGGATCCGCGCGTCTGGATTTC-3') and reverse primer (5'-CCGCTCGAGCGGTTTGGGAAGTTTA AT-3'), forward primer (5'-CGCGGATCCGCGGCTCCTGA TCTAA-3') and reverse primer (5'-CCGCTCGAGCGGCT CTTTCTTTGTGGAA-3'), respectively.
A pSG8-VSV eukaryotic expression vector was modified by insertion of a Heamaglutinin (HA) tag at XhoI/BglII sites using forward primer (5'-TCGAGTATCCATATGATGTTCCAG ATTATGCTTGAA-3') and reverse primer (5'-GATCTTCA AGCATAATCTGGAACATCATATGGATAC-3'). All PCR products were digested with BamHI/XhoI and ligated in BamHI/XhoI -digested pSG8-VSV-HA vector.
The full length calpain 3 cDNA was amplified from the plasmid containing calpain 3 in pBLUESCRIPT KSþ with forward primer (5'-CCGCTCGAGCGGTGCCATGCCGAC-3') and reverse primer (5'-CGCGGATCCGCGATTCGGCA TACATGGT-3'). Subsequently, the fragment was digested with BamHI/XhoI and ligated in BamHI/XhoI -digested eukaryotic expression vector pEGFP N2 (Clontech, CA, USA). Calpain 3 C129S was obtained by replacing the cysteine at position 129 with serine by use of the QuickChange site-directed mutagenesis kit (Stratagene).
Pull-down assays
To determine the association of calpain 3 and AHNAK, GST-AHNAK proteins were used to pull down T7-tagged fusion proteins of calpain 3 C129S produced in E. coli. To determine the association of dysferlin and myoferlin and AHNAK after the calpain 3 cleavage, respectively, GST-C2A-dysferlin and GST-C2A-myoferlin were used to pull down COS-1 cell lysates which were co-transfected with active calpain 3 and C 2 -AHNAK.
Lysates were centrifuged for 15 min at 48C and the supernatants were pre-cleared with Gluthione -Sepharose 4B (Amersham) for 1 h at 48C. Then, 500 ml aliquots of precleared supernatant were incubated with 10 mg of purified GST fusion protein affinity beads in binding buffer supplemented 1% BSA for o/n at 48C or with unfused GST protein as control. After binding, the beads were washed three times in binding buffer without BSA and one time in 50 mM Tris -HCl pH 7.4, then eluted by boiling in 50 ml of 2ÂSDS -PAGE sample buffer for 5 min. Ten microliters was loaded on 12% SDS -PAGE gels to detect proteolytic fragments of calpain 3 C129S. After separation, proteins were transferred to PVDF membranes and dried o/n. Then, blots were incubated with anti T7 HRP (1: 10 000) for 1.5 h at RT for detection of recombinant calpain 3 C129S protein. ECL plus (Amersham) was used for visualization.
Cell culture and transfection
COS-1 monkey kidney cells and 3T3 fibroblast cells were maintained in Dulbecco's modified Eagle's medium (Gibco-BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco-BRL), 1% Pen/Strep (100IU/ 100UG/ML, Gibco-BRL). For plasmid transfections, cells were harvested, plated at 50% subconfluence (200 000 cells per well in six-well microtiter plates), and allowed to grow for 24 h. One microgram of each construct and 6 ml of FuGENE 6 transfection reagent (Roche Applied Science) were used to transfect cells. Two days after transfection, cells were lysed in buffer 2 (50 mM Tris, pH 7.4, 0.15 M NaCl, 0.2% Triton X-100, plus 1Â protease inhibitor cocktail (Roche Molecular) for immunoblotting and GST pull-down assay. For immunoblotting, protein concentrations were determined using a BCA protein assay kit (Pierce Science, the Netherlands) according to manufacturer's instructions and equal amounts of lysates were loaded per well of the SDS-PAGE gel. After separation, proteins were transferred to PVDF membranes and dried o/n. Then, blots were incubated with mouse anti-VSV antibody (1:1000), mouse anti HA antibody (1:2000) and rabbit anti-actin antibody (1:200) for 1.5 h at RT. Rabbit anti mouse HRP and swine anti rabbit HRP were used for detection of cleaved AHNAK fusion protein fragments and actin, respectively. ECL plus (Amersham) was used for visualization.
Immunostaining
For immunohistochemical examinations, transverse muscle cryosections of 5 mm thickness were fixed in 3.7% formaldehyde in phosphate-buffer saline (PBS) containing 0.1% triton X for 30 min, following by pre-incubation with 4% skimmed milk (Marvel) in PBS at room temperature for 2 h. The sections were next incubated with primary antibody fragments o/n at 48C, and subsequently by incubation of fluorescein-labeled secondary antibody for 40 min at RT. Background staining was performed by omitting the primary antibody from the first step. The sections were washed with PBS, dehydrated with 70, 90, 100% ethanol and mounted in a DAPI (50 ng/ml)/ Vectashield TM mounting medium (Burlingame, CA). Final preparations were analyzed with a Leica Aristoplan fluorescence microscope and images were obtained using Cytovision (Applied imaging) digital system. For immunocytochemical examinations, 2 days after transfection, cells were fixed in 3.7% formaldehyde containing 0.1% triton X for 10 min and then blocked in 1% BSA for 30 min. Primary polyclonal rabbit KIS antibody for detection of endogenous AHNAK was incubated for 2 h at a dilution of 1:100 and secondary goat anti-rabbit alexa594 antibody (Molecular probes) was incubated for 1 h at a dilution of 1: 1000.
Oddyssey western blot analysis
For both transient transfections and single sections total cell lysates were prepared and run on a 7% gel and blotted with a Criterion plate electrode blotting device o/n at 30 V on nitrocellulose membrane. Membrane was stained with Ponceau S and washed several times with water. Next the membrane
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Human Molecular Genetics, 2008, Vol. 17, No. 12 was blocked with 4% skimmed milk (Marvel) in PBS for 2 h. The membrane was then incubated with a pool of KIS and CQL in blocking buffer for 2 h. After three 5 min wash steps the membrane was probed with antiRabbitIRDye800 (Westburg, Leusden, The Netherlands) at 1:5000 for 1 h in blocking buffer. Next the membrane was washed as before and dried o/n. Next day an odyssey scanner (Licor, Lincoln, Nebraska, USA) was used for visualization.
